Abstract. Electrophoretic deposition (EPD) has traditionally been viewed as a thin film deposition technique for coating conductive surfaces. Recently, there have been reports of producing functional parts with EPD to near net shape, often containing gradients in material properties normal to the conductive deposition surface. By using reconfigurable electrode systems, a few researchers have gone beyond purely out-of-plane gradients and demonstrated gradients in material properties in the plane of the deposition electrode, a necessary condition for 3D additive manufacturing. In this work, we build upon a previously published technique we developed called light directed electrophoretic deposition (LD-EPD) in which the deposition electrode is photoconductive and can be activated with light, leading to a patterned deposit. We demonstrate that the LD-EPD technique can also lead to patterned deposits on any conductive surface by utilizing the photoconductive electrode as the counter electrode. This eliminates several issues with standard LD-EPD by allowing the potentially expensive photoconductive electrode to be reused, as well as mitigates post-processing material compatibility issues by allowing deposition on any conductive surface. We also detail the results of a finite element simulation of the deposition process in LD-EPD systems that captures key features seen experimentally in the final deposit.
Introduction
Electrophoretic deposition (EPD), in which suspended colloids are deposited onto a surface with an electric field, has its origins in the early 20 th century as a method for applying paint to conductive surfaces [1] . Consequently, the majority of work with EPD has focused on depositing conformal thin films on electrodes, albeit the electrodes may be of complex shape. There has been interest recently in extending EPD to produce functional parts to near net shape [2, 3] .
Gradients in material properties can be built into parts by changing the composition of the deposition suspension during the course of the deposition [2, 4] . These gradients are typically limited to lie normal to the surface of the deposition electrode because material is deposited over the entire electrode surface layer by layer. Others have demonstrated in-plane control of deposits by lithographically patterning the deposition electrode, and thus the deposit [5, 6, 7] . However, due to the static nature of the patterned electrode, this method cannot be extended to form the thick, arbitrarily patterned deposits necessary for 3D additive manufacturing.
In order to utilize EPD as a 3D additive manufacturing technique, material must be deposited in localized regions on the electrode and those regions must be reconfigurable during the deposition, allowing gradients both in and out of the plane of the electrode. A series of papers by Nold, et al. [8, 9] demonstrated this by two methods: One utilized a coaxial electrode that was rastered over the surface of the deposition electrode. The other used a switchable 4x4 array of electrodes. They demonstrated the fabrication of millimeter scale features with a single material. Recently, Pascall, et al. [10] have [10] , the photoconductive electrode is utilized as the deposition electrode. This leads to the highest resolution deposition. (b) In this work, we pattern the photoconductive counter electrode which allows pattern transfer to the deposit on any deposition electrode, albeit with some degradation of resolution.
developed light directed EPD (LD-EPD) in which a photoconductive electrode is patterned with light in order to activate the deposition electrode in specific areas, leading to high resolution features (∼100 microns) with multiple materials (ceramic and metallic) deposited in specific locations.
In this work, we extend Pascall, et al.'s technique to allow for LD-EPD patterning of deposits on any conductive surface by utilizing the photoconductive electrode as the counter electrode (Fig. 1b) . While the resolution will be limited compared to depositing directly on the photoconductive electrode due to fringing electric fields, there are several advantages: For instance, the photoconductive electrode is expensive, and it is desirable to reuse it. In some processes, the deposition electrode must be made of a specific material, so it is not possible to use a photoconductive electrode. Finally, we hypothesize that the feature resolution can be maintained over many layers as the counter electrode can be placed in close proximity to the growth front of the EPD film and translated with the growth of the film to maintain a set distance from the growth front. Here, we demonstrate a patterned deposited film on an unpatterned aluminum electrode produced by patterning the photoconductive counter electrode with UV light. We also detail the results of numerical modeling of patterned film deposition in LD-EPD in both the case when the photoconductive electrode is the deposition electrode as well as the case when it is the counter electrode.
Modeling
A finite element model of the LD-EPD process was constructed in COMSOL. The model is based on the one described in [11] . Namely, the time dependent governing equations are written for the field variables,V = V /V app , which is the dimensionless electric potential in the domain, and the dimensionless volume fraction of particles,φ = ϕ/ϕ max , where ϕ max = 0.64 represents the random close packed fraction:
where Pe = 2πεζV app d/k B T is the Péclet number representing the relative significance of electrophoresis to diffusion in the movement of the particles, where ε is the solvent permittivity, ζ is the particle zeta potential, and d is particle diameter.t = t/t c is the dimensionless time, with the characteristic time, t c , chosen to be the time it takes a particle to move 100 microns by electrophoresis. The experimental value of Pe is calculated to be roughly 10 4 ; however, Pe = 10 3 was utilized in the simulation due to numerical stability issues with the COMSOL solver.
A detailed derivation of these equations can be found in [11] . The main difference between this model and the previously published model is the inclusion of the photocondutive layer and solving for the electric field using the "Electric Currents" module in COMSOL. The photoconductive layer is modeled as separate domains for both the illuminated and dark regions as described below: The first domain represents the suspension and deposition region which has dimensions 0.25 mm by 2 mm. This domain is represented by blue in Fig. 2 , and has a relative permittivity of 24.3. BothV andφ are calculated in this region. The second domain represents the illuminated region of the photoconductive film with dimensions 2 microns by 1 mm. This domain is represented by green in Fig. 2(b) , and has a relative permittivity of 11.7 and conductivity relative to the solvent of 1 × 10 −2 . The third domain represents the dark region of the photoconductive film with dimensions 2 microns by 1 mm. This domain is represented by red in Fig. 2(b) ,and has a relative permittivity of 11.7 and conductivity relative to the solvent of 1 × 10 −3 . OnlyV is computed in this domain as it represents the solid photoconductive film. The boundary condition applied between domain 1 and domains 2 and 3 is that the electrical current is continuous across the interface. The goal of the modeling is to qualitatively (Fig. 1a) due to the positive zeta potential of the suspension. Note that the deposit is thicker near the boundary between the illuminated and dark regions, as seen experimentally in [11, 10] . (c) When the photoconductive electrode is positively biased, a deposit is formed on the counter electrode (Fig. 1b) . The deposit is thickest above the illuminated region while there is a slightly thinner deposit over the dark region.
Colorbar represents |Ê| for (a) andφ for (b & c).
Note that the photoconductive electrode is at the bottom edge of all figures, and the counter electrode is along the top edge.
reproduce key features of actual LD-EPD deposits, therefore, the values of parameters for the model were chosen accordingly and may not represent actual values in the experiment.
Experimental
A 2 vol% copper suspension in ethanol was prepared as follows: 2.785 g copper nanopowder (Nanoamor, 0292HW) and 67 mg dopamine HCl (Sigma-Aldrich) were added to a scintillation vial. 11.873 g absolute ethanol was added and the suspension was mixed using an ultrasonic processor (Qsonica, 50% duty cycle, 3 seconds on per cycle, 1 minute total on time). After sonication, the particle size and zeta potential were measured to be 300 nm in diameter and 50 mV, respectively (ZetaSizer Nano Z90, Malvern).
The suspension was flowed into a custom built EPD cell as described in [10] . The electrodes were 25 mm x 25 mm, and the distance between electrodes was fixed at 250 microns by a Delrin spacer. The deposition electrode was a mill finish aluminum plate rinsed with ethanol and dried with nitrogen, while the counter electrode was a TiO 2 on FTO photoconductive electrode prepared by a previously published method [10] .
Deposition was performed by first illuminating the backside of the photoconductive electrode with light from a 375 nm UV LED. Then, a voltage of 2 V DC was applied between the deposition electrode and the current collector of the photoconductive electrode. After 1 hour, the voltage was decreased to 1 V DC and the residual suspension was withdrawn at 0.25 mL/min. 
Results and Discussion
The results of numerical modeling of LD-EPD are presented in Fig. 3 . Fig. 3a shows the norm of the electric field in the domain. The electric field is the strongest at the boundary between the illuminated and dark regions. This is due to the electrical conductivity jump in the photoconductive layer. There is also significant field in the space between the illuminated electrode region and the counter electrode, while the field is lower between the dark electrode region and the counter electrode. This difference in electric field is the origin of the patterned deposit on the counter electrode. Fig. 3b shows the deposited film when the photoconductive electrode is positively biased corresponding to the deposition mode depicted in Fig. 1a . It shows the hallmark feature of a thicker deposit at the boundary between illuminated and dark regions of the photoconductive electrode that was observed in [10] . Furthermore, it can be seen that a small amount of deposition is predicted to occur even over the dark region. This is due to the finite conductivity of the photoconductive film in the dark state. This creates a weak electric field which causes an thin EPD layer to form over the dark region. This can be mitigated by choosing a photoconductive film that shows a large difference between illuminated and dark conductivity. Here, we chose to model a factor of 10 difference in conductivity; however, factors of 10 9 have been reported for some photoconductors [12] . Fig. 3c shows the deposited film when the photoconductive electrode is negatively biased corresponding to the deposition mode depicted in Fig. 1b . It can be seen that the deposit is thickest above the illuminated region while there is a slightly thinner deposit over the dark region. The deposit in the dark region has two origins: First, as discussed above, there is a weak electric field in the dark region due to the finite conductivity of the dark state. This can be mitigated by choosing a photoconductor with the largest possible difference between light and dark conductivities. Second, the electric field fringes due to the large planar deposition electrode causing the field to spread over a larger area on the deposition electrode. This leads to a decrease in lateral resolution and can be mitigated by placing the counter electrode as close as to practical to the deposition front of the film. Indeed, it may even be advantageous to keep a small fixed distance between the deposition front and counter electrode when depositing thick or 3D patterned films to maintain high resolution. This can be achieved by withdrawing the deposition electrode at the same rate as deposition. Fig. 4 depicts the experimental realization of light directed EPD through photoconductive counter electrode patterning. Fig. 4a is the aluminum mask that is used to pattern the illumination for the photoconductive electrode. Fig. 4b shows the photoconductive counter electrode after production of the deposit, which is shown in Fig. 4c . The area corresponding the illuminated region is visibly cleaner than elsewhere on the counter electrode. We believe this is due to weakly adhered copper nanoparticles being transported away from the photoconductor via electrophoresis.
The patterned deposit on the aluminum electrode is clearly evident proving that the deposition scheme depicted in Fig. 1b is realizable in practice. It should be noted that the copper film was not very well adhered to the aluminum substrate and that regions of the film flaked off of the deposit during drying. These patches are evident as bright areas in the deposit region and are due to substrate handling and not to a fundamental limitation of the process. While the deposited film is much thicker in the regions corresponding to the regions illuminated on the photoconductive electrode, there is still some deposition evident in the dark regions for the reasons detailed above.
It should also be noted that the method of photoconductive counter electrode LD-EPD is quite general and is compatible with any suspension that can be electrophoretically deposited, regardless of optical density of suspension. This is because the illumination that actuates the counter electrode is performed through the transparent (glass) backside of the photoconductive electrode. Thus, light need not propagate through the suspension to yield patterning, only the patterned electric field is present.
Summary
We have shown that patterned EPD films can be deposited onto uniformally conductive electrodes by using a photoconductive counter electrode patterned with light. This work builds off our previously published work on LD-EPD onto photoconductive electrodes [10] . We have also constructed a finite element numerical model of LD-EPD that qualitatively reproduces many features evident in films deposited under both modes of LD-EPD.
This work adds versatility to the LD-EPD technique in that patterned deposits can be formed on any conductive electrode. This allows the photoconductive electrode, which is expensive and time consuming to fabricate, to be reused. It also removes processing constraints by allowing deposition on electrodes that are optimized for the material system deposition. Finally, it may allow high resolution 3D patterning of thick films, which is desirable for 3D additive manufacturing.
